ABSTRACT DRAKE, JoHN W. (University of Illinois, Urbana). Ultraviolet mutagenesis in bacteriophage T4. II. Photoreversal of mutational lesions. J. 1966.-T4r mutations were induced by ultraviolet irradiation of extracellular phage particles, using a phage mutant, v, which is particularly susceptible to photoreactivation. Most of the induced r mutations could be subsequently photoreversed intracellularly with white light. Ultraviolet irradiation induces both transitions and sign mutations, and both were susceptible to photoreversal. The results suggest that two very different types of mutational lesions may arise from a common type of photochemical lesion.
Ultraviolet (UV)-induced r mutations in bacteriophage T4 have been shown to consist of two different types of molecular lesions in roughly equal proportions (3, 4, 6, 13) : transitions, or base pair substitutions in which the purinepyrimidine orientation is preserved (10) , and sign mutations, consisting of additions and deletions of small numbers of base pairs (2, 4, 5) . The transitions are predominantly from GC to AT base pairs (AT = adenine-thymine; GC = guanine-cytosine, or guanine-hydroxymethylcytosine in phage T4). It is important to determine whether transitions and sign mutations arise from different, or from the same, photochemical lesions.
Photoreactivation (PHR) of extracellularly UV-irradiated bacteriophages is generally observed only after infection of a competent cell (12; but see 16) . UV-induced mutational lesions in bacteria are also generally photoreversible (15, 18-20, 25, 26) . The enzymatic basis for direct PHR (PHR enzyme) has been demonstrated by in vitro studies (22) , although an indirect mechanism of PHR also exists (25) . The PHR enzyme cleaves UV-induced pyrimidine dimers in situ (23, 24) . PHR may therefore constitute a sensitive test for determining the molecular nature of UV lesions.
Previous attempts to photoreactivate T4r mutations induced by UV irradiation of mature phage-cell complexes were unsuccessful (4), probably because the photoreversible cross-section in this phage is small (7, 11) , and because the PHR light was itself quite lethal. PHR of mature complexes is also difficult because the amount of irradiated deoxyribonucleic acid (DNA) is relatively large compared to the amount of PHR enzyme, and criteria for measuring the extent of PHR are lacking. Simple methods have since been developed for scoring T4r mutants UV-induced in extracellular phage particles (6) . Irradiated phages may be used to singly infect cells, and the extent of PHR may be followed by measuring surviving phage-cell complexes. The extent of PHR may be greatly increased by the use of a mutant, T4v, which lacks a dark-repair process (11) . It will be shown using this system that both sign mutations, and transitions from GC to AT base pairs, are subject to PHR. This result suggests that the two very different types of mutational lesions arise from a common type of photochemical lesion.
MATERIALS AND METHODS
Strains ofphages and bacteria, and standard methods. The strains and methods used were described in the first paper of this series (6) . Escherichia coli and bacteriophage T4 were used throughout. A mutant, vl, of T4D was used for mutation induction experiments, since it lacks the dark-repair system of the wild-type phage and is maximally sensitive to PHR (11), but is mutated by UV at the same rate and with approximately the same mutational spectrum as the wild type (6) . UV radiation was delivered from a low-pressure mercury lamp to phages suspended in buffer, and the irradiated phages were stored at about 2 C until needed. Neither viability nor mutant frequency changed appreciably during storage. The spot test methods described previously were used for base analogue reversion tests and for fine-scale mapping.
PHR passes both base pair substitution mutations (rI and base analogue-revertible rII mutations) and sign mutations (UV-induced rIl mutations not reverting with base analogues). Although accurate calculations of PHR dose reduction factors (fractions of lesions repaired) are not possible from the present data, it is clear that conditions producing PHR of over 80% of the repairable lethal lesions also produce PHR of about 64% of the mutagenic lesions. However, the present experiments do not by themselves reveal whether saturation of either PHR effect has been achieved. Photoreversible lesions consist at least of the pyrimidine dimers (23, 24) , presumably including the glucosylated hydroxymethylcytosine which replaces cytosine in bacteriophage T4. PHR enzyme repair of other types of photochemical lesions, such as hydrated pyrimidines, is not disproved, but repair of more extensive damages, such as ring degradation, purine alterations, and DNA backbone disruptions, is much less likely from general principles of enzymatic specificity. Dark-repair systems, however, clearly do repair a wider variety of damages to DNA (see below).
Two different photochemical processes exist which appear capable of generating GC-to-AT transitions. In one case, cytosine is converted to uracil by the spontaneous deamination of dimerized residues (9, 24) . In the second case, the 5,6 double bond of cytosine is hydrated, which may lead either to spontaneous deamination to uracil (9, 14) , or to direct pairing with adenine during replication (21) . The kinetics of mutation induction are linear in the T4r system (6), which contradicts the apparent requirement that a dimerized uracil residue be undimerized by a second UV photon. PHR of T4r mutants, on the other hand, implicates the pyrimidine dimer as the significant photochemical lesion. To escape this contradiction, an ad hoc postulate is required: that the PHR enzyme recognizes hydrated pyrimidines, that dimerized uracil can be replicated as thymine, that dimers containing uracil split spontaneously, or that the PHR observed here is indirect.
It is even less clear how pyrimidine dimers might induce sign mutations, but several mechanisms are feasible. The dimers might cause the DNA polymerase to make either skips (deletions) or slips (additions) of a few base pairs (5). Enzymatic dark-repair processes might be similarly perturbed. Alternatively, unequal crossing-over might be induced during genetic recombination (4, 17) .
Indirect PHR. PHR of UV-induced mutations has also been observed in a mutant of E. coli which lacks the PHR enzyme (25) . It was suggested that white light irradiation introduces nongenetic damage which delays division and thus prolongs the interval during which dark-repair may occur. Since dark-repair systems may treat a wider spectrum of damage than does the PHR enzyme (1), indirect PHR offers less information about photochemical lesions than does direct PHR. Experiments are planned to test for indirect PHR in the T4r system. However, known cellular dark-repair systems are reported not to affect the T-even bacteriophages (8 
